Device-to-device (D2D) underlaid cellular network, enabled with radio frequency energy harvesting (RFEH), and enhanced interference management schemes is a promising candidate to improve spectral and energy efficiency of next generation wireless networks. In this paper, we propose a time division duplexing (TDD)-based protocol, in which allows the devices to harvest energy from the downlink transmissions of the base station, while controlling the interference among D2D and cellular communication in the uplink. We propose two schemes for transmission coordination, based on fixed transmission probability (FTP) and adaptive transmission probability (ATP), respectively. In FTP, the D2D transmitters that have harvested enough energy can initiate data transmission with a fixed probability. Differently from this, in ATP a device utilizes its sensing capability to get improved coordination and interference control among the transmitting devices. We evaluate the network performance by presenting an accurate energy model and leveraging tools from stochastic geometry. The results on outage probability and D2D sum-rate reveal the importance of transmission coordination on network performance. These observations led to a solution for choosing the parameters of the ATP scheme that achieves an optimal tradeoff between the D2D outage probability and number of transmitting users.
I. INTRODUCTION
Device-to-device (D2D) communication as an underlay to a cellular network refers to the direct communication between proximate users without going through the base station (BS). This feature can improve spectral and energy efficiency, delay and overall throughput [1] - [3] .
However, D2D communication that uses the same spectrum as the cellular network may cause a significant interference, which needs to be dealt with through interference management schemes [3] - [7] .
Another major challenge in future wireless networks is energy consumption [8] , which can be addressed through energy harvesting (EH), leading eventually to devices that are selfpowered [9] , [10] . Radio frequency energy harvesting (RFEH) enables transceivers to restore energy by converting the received RF signals to electricity [11] . RFEH is becoming more N. Razmi relevant due to the steady increase of electromagnetic waves in both indoor and outdoor environments at all times [12] - [14] . Although current harvesting circuits can only afford to save a limited amount of energy, they can be still suitable in a D2D setting due to the low power used for D2D transmissions.
This paper treats D2D underlaid cellular network that uses RFEH, introduces novel communication schemes and provides a comprehensive analysis based on stochastic geometry.
A. Related Work
Stochastic geometry has been widely used to model and analyze the interference of wireless networks [15] and it has also been applied to performance analysis of EH-based D2D communication networks [10] , [16] - [20] . The authors in [10] , studied the performance of EH-based cognitive D2D underlying multi-channel cellular communication, where D2D transmission was considered successful if both the EH and transmission process were successful. The performance of a RFEH-based D2D network which had four different models for EH and transmission was addressed in [16] using Markov chain. The probability of harvesting enough energy for D2D users was evaluated in [17] where D2D users were able to harvest energy from both BS and power beacons. In [18] , a trade-off between the number of D2D transmissions and the amount of harvested energy was formed for EH-based D2D users which had only access to a portion of the cellular spectrum. Authors in [19] , studied the D2D relaying for EH-based communications. In [20] , the energy efficiency of D2D communication underlying multiple-input multipleoutput cellular communication with EH from the dedicated power beacons and cellular users' transmissions was evaluated.
Resource allocation in EH-based D2D communication networks has been treated in [9] , [21] - [24] . The work [9] introduced resource management based on deep learning to maximize the sum rate by controlling the transmission power and the power splitting ratio. Maximizing the sum throughput using time scheduling and power control was provided in [21] . The authors in [22] minimized the total energy cost of all D2D transmitters and cellular users, while guaranteeing the quality-of-service requirement for D2D and cellular communication by dynamic spectrum allocation. Energy efficiency maximization was also evaluated in [23] using game-theoretic learning approach. In this context, joint spectrum resource allocation and power control problems were studied in [24] in a simultaneous wireless information and power transfer based D2D network.
B. Our Contribution
In this paper, we design uplink (UL) and downlink (DL) of a time division duplexing (TDD) protocol in order to support both interference management and RFEH. In this system, in the DL, the BS transmits to the cellular user, while the D2D transmitters remain idle and harvest energy from BS signal. During the UL, a cellular user transmits to the BS, while the D2D transmitters that have sufficient energy can communicate with their corresponding receivers. The main contributions of this work are summarized as follows:
• We investigate RFEH-based D2D network under two different assumptions for the D2D transmitters: with and without sensing capabilities, respectively. In this regards, to coordinate the D2D transmissions occurring during the UL period, we propose two different schemes: fixed transmission probability (FTP) and adaptive transmission probability (ATP). In FTP, a D2D transmitter with sufficient energy can initiate a transmission with a fixed probability. In ATP, a D2D transmitter senses the channel before transmission in order to reduce the induced interference towards the other D2D links. • We present an accurate energy model based on the available energy in the batteries of D2D transmitters. By applying this model, we evaluate the performance of the FTP and ATP schemes. • Using stochastic geometry, the BS and D2D outage probabilities and average achievable D2D sum-rate are derived, providing insights into the impact that the system parameters have on the performance. The rest of this paper is organized as follows: In Section II, the system model, including the network model as well as EH model, for the D2D underlaid cellular network is presented. The analytical expressions for D2D and BS outage probabilities and average achievable D2D sum-rate for both FTP and ATP schemes are derived in Section III. Numerical results are described in Section IV, followed by conclusions in Section V.
N otation: Pr(·) denotes the probability; E [X] and f X (x) are the expected value and probability density function (PDF) of random variable X, respectively; Γ(a) = ∞ 0 e −x x a−1 dx denotes Gamma function defined in [25, Eq. (6.1.1)]; and arccos (y) denotes the inverse of cosine function at y.
II. SYSTEM MODEL

A. Network Model
We consider a single-cell cellular network underlaid D2D communication consisting of a single BS, a cellular user, and multiple D2D pairs as shown in Fig. 1 like [26] , [27] . The BS is located at the center of the cell with radius R, and the cellular user is randomly located within the cell. Moreover, D2D transmitters, constructing set Φ d , are distributed according to a homogeneous Poisson Point Process (PPP) with density λ d . Each D2D receiver is placed at a distance of r d meters from its transmitter with a uniform random direction [26] , [27] .
Cellular and D2D communications operate based on the TDD protocol where the DL and UL sub-slots alternate. The time is slotted and each time slot is divided into UL and DL sub-slots, each of them of a duration T , see Fig. 2 . In DL, BS transmits to the cellular user, while the D2D transmitters remain idle and only harvest energy from BS transmissions. In an UL sub-slot, the cellular user transmits to the BS, while the D2D transmitters either communicate with their corresponding receivers or remain idle. In the rest of the paper, and without loss of generality, the duration of each UL and DL sub-slot is normalized T = 1, making it possible to treat power as equivalent to energy.
During the UL sub-slot, the received signal at BS can be expressed as
where s c is the signal sent by the cellular user and s j is the j th D2D transmitter interfering at the BS. The Rayleigh fading channel from i th D2D transmitter to j th D2D receiver is denoted by h i,j where the channel gain, |h i,j | 2 , follows the exponential distribution with unit average power. The distance and path loss between i th D2D transmitter and j th D2D receiver are denoted by d i,j and d −α i,j , respectively where α stands for path loss exponent. Let φ t denote a subset of all D2D transmitters i.e. Φ d that are able to transmit based on the FTP/ATP schemes. Moreover, n b is the zero-mean additive white Gaussian noise (AWGN) at the BS with noise power N 0 .
In an UL sub-slot, the received signal by the i th D2D receiver can be expressed as
where s i is the signal from the desired, while s j from the undesired D2D transmitter. Moreover, n i is AWGN at i th D2D receiver with power N 0 . Note that in (2), the first term denotes the desired signal, while the second and third terms represent the interference from other D2D transmitters and the cellular user, respectively.
In the DL, the received signal by the cellular user from BS can be expressed as 
where s b denotes the transmitted signal by BS and n c is the AWGN at cellular user.
By using (1), the signal-to-noise plus interference (SINR) at the BS in the UL sub-slots, can be written as
where P c and P d denote the transmission power of cellular user and D2D transmitters, respectively.
Moreover, by invoking (2), the received SINR at i th D2D receiver in the UL sub-slots is given by
B. Energy Harvesting Model
Each D2D transmitter is equipped with a battery which extracts the energy of the RF signals transmitted by the BS in DL sub-slots using a power conversion circuit [11] . Similar to [18] , [19] , infinite battery capacity is assumed for D2D transmitters to buffer the harvested energy. 1 Let E i n denote the available energy in the battery of i th D2D transmitter at the beginning of n th UL sub-slot as shown in Fig. 2 . Based on this model, the available energy in the battery of the i th D2D transmitter can be expressed as [28] ,
where H i n−1 denotes the harvested energy by the i th D2D user at (n−1) th time-slot. X i n−1 gets values 0 or 1, according to the proposed transmission scheme in the next section.
A D2D transmitter will be operable if its available energy level is greater than or equal to a predefined threshold, denoted by E th . The battery of an operable user has the minimum energy necessary for transmission. The average number of D2D transmitters in the considered cell is λ d πR 2 , where πR 2 is the cell area. By applying the thinning property of the Poisson process [29] , the D2D transmitters which are operable constitute a PPP with density λ d π o , where π o denotes the probability of being operable, analyzed in the next section. The energy harvested in each DL sub-slot for the i th D2D transmitter which is located at the distance d b,i from BS is determined by
is the transmission power of BS [30] . Moreover, 0 < η ≤ 1 denotes the RF to DC power conversion efficiency [11] .
III. PROPOSED TRANSMISSION SCHEMES AND PERFORMANCE EVALUATION
In this section, we describe the FTP and ATP schemes. For each scheme, we derive the density of operable D2D transmitters, BS outage probability, D2D outage probability, and average achievable D2D sum-rate. In both schemes only the operable D2D transmitters, whose available energy is ≥ E th , will be able to access the channel.
A. Scheme 1: Fixed Transmission Probability (FTP)
In the FTP scheme, a fixed transmission probability is equally assigned to all the operable D2D transmitters. Thus, only a subset of operable transmitters can communicate with their corresponding receivers. In order to derive the outage probability expressions and average achievable D2D sum-rate, we need to derive the probability that a D2D transmitter is operable π FTP o and the density of operable and transmitting D2D users, λ FTP t . According to (6) , the energy model for the i th D2D transmitter in FTP scheme can be expressed as
where X i n−1,o and X i n−1,t denote the D2D transmitter status of being operable and transmitting, respectively given as
and
where p FTP t denotes the transmission probability of an operable D2D transmitter. Let define the probability of being an operable user, i.e., π FTP [28] which is derived in Proposition 1.
Proposition 1. The probability of being an operable D2D transmitter with FTP scheme is derived as
Proof. See Appendix A.
As (10) indicates, the probability of being an operable user has a reverse relation with p FTP t in the case
However, for the case
By deriving π FTP o , the density of users which are operable and will transmit is λ FTP
we can derive and evaluate the performance of FTP scheme.
1) BS Outage Probability: The interference at BS is only caused by the transmitting operable D2D users with density λ FTP t . The outage probability of BS is described as the probability that the SINR at the BS is less than a predetermined threshold, i.e. γ b . By invoking (4), the following proposition provides the BS outage probability within the FTP scheme.
Proposition 2. The outage probability of BS for FTP scheme can be approximated as
where Ξ(α) = Γ 1 − 2 α Γ 1 + 2 α , and K is defined as a parameter to guarantee an accuracy-complexity tradeoff,
The outage expression in (11) 
The reason is that all the D2D transmitters will be operable and then the number of transmitters will be only dependent on λ d and p FTP t ; hence, the increase of these parameters results in a large number of transmitting users. If π FTP o = 1, then
. In this case, α, µ 1 and R specify the trends of λ FTP t which in turn specifies the trends of P FTP out,b (γ b ). 2) D2D Outage Probability: According to (2), the inflicted interference for a given D2D receiver is caused by the cellular user and the other transmitting operable D2D transmitters. The D2D outage probability is expressed as the probability in which the SINR at a D2D receiver is less than a predetermined threshold γ d . The following proposition provides the exact D2D outage probability for the FTP scheme.
Proposition 3. With the FTP scheme, the D2D outage probability can be approximated as
where b k = Rx k + R, and f dc,i (r) given by
for 0 ≤ r ≤ 2R, denotes the PDF of the distance between two randomly distributed nodes in a disk with radius R [31] .
Proof. See Appendix C.
The proposition 3 explicitly reveals that the D2D outage probability determined by p FTP t and π FTP o in which these two parameters specify the λ FTP t . By increasing p FTP t π FTP o , λ FTP t increases and accordingly the outage probability increases.
3) Average achievable D2D Sum-Rate: The average achievable D2D sum-rate with the FTP scheme is derived in the Proposition 4 by considering the fact that the D2D users only transmit in UL and the average number of transmitting operable transmitters equals to N FTP
Proposition 4. The average achievable D2D sum-rate of the FTP scheme can be expressed as
Proof. See Appendix D.
It is seen that the trends of λ 
B. Scheme 2: Adaptive Transmission Probability (ATP)
In this scheme, an operable D2D transmitter senses the channel before accessing it, based on which it can decide to transmit or remain idle if an ongoing transmission is detected. Note that a non-operable D2D transmitter just stays idle. An elementary sensing period has a duration of T s . Each D2D transmitter selects a random number between 0 and 1 which is denoted by t i s for the i th D2D transmitter i.e. t i s ∼ U [0, 1] as in [32] . Based on the selected number and the sensing duration T s , the maximal sensing period is set to t i s T s . As the sensing period is considered very short, we can adopt the approximation that the cellular user also starts to transmit after T s , which simplifies the expressions. A subset of operable transmitters that do not detect any nearby transmission start to access to the channel, while the others remain idle.
In this scheme, the available energy for the i th D2D transmitter can be expressed as
where P s denotes the consumed power during sensing period. We assume that the consumed energy for sensing is negligible compared to E th , such that it cannot affect the state change from operable to non-operable. Hence, if E i n ≥ E th for the i th user, then E i n − P s t i s T ≥ E th . X i n−1,o is the state of being operable at the beginning of the UL sub-slot:
and X i n−1,t is the channel access capability:
We denote the probability of being an operable D2D user with π ATP o = lim N →∞ 1 N N n=0 E X i n,o . By this definition, and following the same approaches as in Proposition 1, π ATP o can be obtained as
We will have the following cases for i th and j th operable D2D transmitters:
• The i th and j th operable D2D transmitters will transmit if none of them detects another transmission. • The i th operable D2D transmitter will transmit if t i s < t j s or t i s ≥ t j s but the i th operable D2D transmitter does not detect another transmitted signal. In fact, this means that the j th operable D2D transmitter is not in the protection region of the i th operable D2D transmitter. More specifically, the protection region is defined as a circular region around each operable D2D transmitter with radius
, where |h i,j | 2 is the channel gain between i th and j th transmitters. The average protection region around an operable D2D transmitter can be obtained as
where the received power from the nearby interfering D2D transmitter should be less than the protection threshold β th . The fact is that the D2D receivers should be protected from the interference of the other transmitters. By assuming r p >> r d , a D2D receiver is also protected by the sensing done by its transmitter [10] .
The transmission probability of ATP scheme, p ATP t , by using [32, Proposition 13] and [33] , can be written as
where
Then, by invoking (18) and (20), π ATP o can be derived as a function of the system parameters
Now, we turn our attention to derive the outage probabilities and the average achievable D2D sum-rate for the ATP scheme.
1) BS Outage Probability: The BS is in outage if the received SINR at the BS is less than γ b . For ATP scheme, we have the following result.
Proposition 5. BS outage probability within ATP scheme can be obtained as
Proof. The proof follows similar steps as those in Proposition 2, and it is thus omitted.
Proposition 5 implies that P ATP out,b (γ b ) is the same as for FTP scheme, considering the same number of D2D transmissions which, as Proposition 5 denotes, P ATP out,b (γ b ) is a function of λ ATP t . From (21) , it follows that p ATP t and π ATP o are related to each other due to sensing; this results in an algorithm that adapts the density of transmitting operable users.
2) D2D Outage Probability: D2D outage probability for the ATP scheme can be written as
By setting r 2 = v, we can express P ATP out,d (γ d ) as
where by using Gaussian-Chebyshev quadrature, we can express O ATP
The difference between the D2D outage probability of FTP and ATP schemes arises from the interference from the different set of D2D transmitters due to the sensing property. However, the terms related to the noise and the inflicted interference from the cellular user are the same for FTP and ATP schemes. 3) Average achievable D2D Sum-Rate: In this scheme, the number of transmitters will be N ATP t = λ ATP t πR 2 . Then, the average achievable D2D sum-rate with regards to that the D2D transmitter can only transmit on UL sub-slot and based on the derived D2D outage probability is given by
where in the last step, we use the fact that E[T s t i s ] = Ts 2 and p ATP out,d is invoked from (25) . Remark 1. The expressions in (14) and (27) are not simple enough to provide immediate insight, but they are general and fast to evaluate using popular scientific software packages such as Matlab and Mathematica.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we evaluate the performance of FTP and ATP schemes for EH based D2D underlying cellular network. For both schemes, we present the results for D2D and cellular outage probabilities and also average achievable D2D sumrate. Then, we discuss the effect of important parameters such as λ d , η p FTP t , and β th on these performance metrics. We set the transmit power of BS and cellular transmitters to P b = 44 dBm and P c = 10 dBm. The D2D transmission, D2D sensing, and noise power are set to P d = −10 dBm, P s = −30 dBm and N 0 = −90 dBm, respectively. The D2D and cellular transmitters are scattered in a circular region with radius R = 100 m. In this region, each D2D receiver is placed in the distance r d = 5 m from its transmitter. The unit variance Rayleigh fading is considered for all links. Moreover, the path loss exponent for the cellular and D2D is set to α = 4.
The effect of transmission probability on the probability of being an operable user is illustrated in Fig. 3 . Increasing the transmission probability is followed by consuming more are independent of the density of D2D transmitters i.e. λ d , then these probabilities are equal for all λ d . It is worthy to mention that as Fig. 3 shows, in the case of η = 0.3 and p FTP t = 0.9, the probability of being operable goes to 0 which means none of the D2D transmitters can transmit. This indicates the importance of EH designing and transmission probability p FTP t parameters on the EH-based D2D networks. Fig. 4 depicts the transmission probability and the probability of being an operable user as a function of protection power threshold i.e. β th for the ATP scheme. As β th increases, the transmission probability increases, while the probability of being an operable user decreases. The reason is that by increasing β th , more users will have the opportunity to transmit and then the transmission probability of D2D transmitters increases. In this regard, similar to the FTP scheme, the probability of being operable decreases by increasing the transmission probability. Transmission probability trends are also examined by increasing the density of D2D transmitters, λ d . It can be observed that by increasing λ d , the transmission probability is reduced, while the probability of being operable is increased. This is due to the fact that in the ATP scheme, the sensing capability enables an adaptive transmission probability based on the density of D2D transmitters. Fig. 5 shows the outage probability for D2D transmitters with FTP and ATP schemes as a function of γ d . In order to allow a fair comparison, we set β th = -72 dBm and p FTP t = 0.1 for η = 0.8 and λ d = 0.01 which provide the identical λ FTP t and λ ATP t . It can be observed that ATP scheme achieves lower outage probability for D2D transmitters, especially for the higher γ d . This result highlights the importance of channel sensing which leads to select the D2D transmitters located far enough to each other, which result in efficient interference management framework for the considered D2D underlaid cellular system. In this figure, we also include the results for η = 0.3 with the same parameters. This provides the equal λ ATP t due to the adaptive property of the ATP scheme and also the same β th which translates to the same protection region for each D2D user. In this case, as expected, lower outage probability for FTP scheme is achieved compared to the case η = 0.8.
We show the BS outage probability as a function of γ b in Fig. 6 . The BS outage probability of FTP and ATP schemes with the equal density of transmitting operable users i.e. λ FTP t = λ ATP t are identical. Higher η and λ d provide higher BS outage probability due to the higher number of transmitting operable users. It can be also seen that the BS outage probability is a monotone increasing function of γ b . This figure also reveals that, for higher γ b and D2D densities larger than λ d = 0.01, the BS outage probability tends to 1, which means that none of the transmitted signals by the cellular users can be received correctly. In this regard, to provide better performance for cellular communication with the aforementioned parameters, we need to reduce the transmitting operable D2D users that send on the same cellular channel. In Fig. 7 , we evaluate the potential tradeoff between D2D outage probability and the number of transmitting operable users. In this regard, we show the average achievable D2D sum-rate for ATP scheme as a function of β th . Increasing β th results in a reduction of the protection radius which also translates to an increase in the density λ ATP t of transmitting operable D2Ds. It can then be seen that increasing β th has two effects on the system performance, which define the trends of D2D sum rate. The first effect is the increase of the number of transmitting operable D2Ds. The second effect is an increased D2D outage probability. Thus, selecting the best β th plays an important role in the value of D2D sum rate. As an example, for λ d = 0.01 and η = 0.8, we can observe the increase of sum-rate with β th from -85 dBm to -60 dBm, but after that the sum-rate decreases. For higher λ d and η, the D2D sum-rate increases, which is more pronounced at higher β th due to the increased number of transmitting operable users.
V. CONCLUSION
This paper has presented an interference management mechanism with a TDD protocol for a RFEH-based D2D network. The D2D transmitters follow a time-division protocol and they are allowed to transmit during the UL sub-slots, while they harvest energy during the DL sub-slots. With this protocol, a D2D transmitter can harvest sufficient energy to become operable and transmit during the UL sub-slot.
In this regard, we have presented an accurate energy model for analysis of the available energy of D2D transmitters. In order to control the interference created by the operable D2D transmitters, we have proposed two schemes, with fixed and adaptive transmission probabilities, denoted as FTP and ATP, respectively. In FTP, the operable D2D transmitters initiate a transmission with a fixed probability. In ATP, an operable D2D transmitter senses the channel and stays idle if the channel is busy. The evaluation results highlight the importance of the EH design parameters as well as the effects of transmission probability on the system performance. Moreover, the results reveal that channel sensing significantly affects the outage probability and D2D sum-rate of the system. An interesting step for future work would be consideration of multiple cellular users and channels and also the possibility for channel selection for a D2D transmission. APPENDIX A PROOF OF PROPOSITION 1 The probability of D2D transmitter being an operable, can be expressed as [28] 
In order to derive (28) , and by considering the fixed distance between D2D transmitters and BS, we investigate two different cases:
which are respectively corresponds to the cases where the expected of harvested energy for a D2D user in the distance d b,i is lower and higher than the expected of consumed energy. Under the first condition, we can readily obtain π FTP
by using the weak law of large numbers, π FTP o is equal to 1. Therefore, for fixed distance assumption between D2D transmitter and BS, (28) can be obtained as
Noticing that D2D transmitter are randomly located in the distance 0 to R with uniform distribution, i.e., f d b,i (r) = 2r R 2 and by taking the average over the location of the D2D transmitter, π FTP o is given by
which after some algebraic manipulation the desired result in (10) can be obtained.
APPENDIX B PROOF OF PROPOSITION 2
The BS is in outage if the received SINR at the BS is less than γ b . Therefore, by invoking (4), P FTP out,b (γ b ) can be written as
(31) By using the fact that |h c,b | 2 follows unit mean exponential distribution, Pr(Γ b ≥ γ b ) can be expressed as
To this end, by invoking the PGFL of homogeneous PPP distribution 2 , we obtain 2 Let ν(x) : R 2 → [0, 1] and R 2 |1 − ν(x)|dx < ∞. When Φ is Poisson of intensity λ, the conditional generating functional is E{ x∈Φ ν(x)} = exp −λ R 2 [1 − ν(x)]dx [29] .
where in the last equality, we have used the variable change r α = z. By using the product rule
where f (x) and g (x) are the derivative of f (x) and g(x), we get
where we have used the variable change z = 1 v . Moreover, we have
By using (36), P FTP out,b (γ b ) can be expressed as
To this end, by applying the Gaussian-Chebyshev quadrature method [34] , the desired result in (11) is obtained.
APPENDIX C PROOF OF PROPOSITION 3
To derive P FTP out,d , we have 
where we have used similar steps as those in the proof of Proposition 2 to derive O FTP 1 .
Moreover, by applying the Gaussian-Chebyshev quadrature method, O FTP 2 can be derived as
To this end, by substituting (39) into the last term of (38), the desired result is obtained.
APPENDIX D PROOF OF PROPOSITION 4
The achievable D2D sum-rate can be written as
where E [log 2 (1 + Γ d )] is the average achievable rate. By applying the product rule, We can write
To this end, invoking the outage probability expression in (12) yields the desired result.
